The stimulation of inositol phosphate generation by bombesin and GTP analogues was studied in Swiss 3T3 cells permeabilized by electroporation. Bombesin- GTP[S] alone, the degree of synergy between bombesin and the nucleotide was severely decreased at early time points. The results therefore demonstrate that the high-affinity bombesin receptor is coupled via a G-protein to phospholipase C in a manner consistent with a general model for receptor-G-protein interactions and that this coupling is sensitive to phosphorylation by protein kinase C.
INTRODUCTION
It is now believed that receptors linked to the hydrolysis of phosphatidylinositol 4,5-bisphosphate [PtdIns(4, 5) P2] couple to the effector enzyme, phospholipase C (PLC), through interaction with a specific guanine-nucleotide regulatory binding protein (GP) (Cockcroft & Gomperts, 1985; Gilman, 1987) . In contrast with the hormonal regulation of adenylate cyclase and the rhodopsin activation of cyclic GMP phosphodiesterase, the characteristics of receptor-G-protein-coupled activation of PLC are poorly understood. Recently it has been suggested that, in common with the adenylate cyclase system, receptor-stimulated acceleration of GTP/GDP exchange is a component part of the receptor-G-protein activation cycle (Boyer et al., 1989a,b) . However, it is unclear whether all types of receptor linked to PtdIns(4,5)P2 hydrolysis couple to GP in the same manner and thus activate PLC with similar kinetics. Furthermore, it is now known that at least two distinct G-proteins may regulate inositol phospholipid hydrolysis, one of which appears to be sensitive to pertussis toxin (Paris & Pouyssegur, 1986) . Also several isoforms of PLC have recently been identified. Several types of receptor-G-protein-PLC interactions may therefore be possible. Several reports have described the inhibitory effects of protein kinase C activators on agonist-stimulated phosphoinositide hydrolysis (Rittenhouse & Sasson, 1985; Brown et al., 1987; Geny et al., 1988) . Since in many tissues inactivation occurs in the absence of receptor down-regulation, it is possible that an effect at the G-protein level may be involved. Although phorbol 12-myristate 13-acetate (PMA)-stimulated protein kinase C is thought to phosphorylate G-proteins in other transduction systems (Katada et al., 1985) , the effect of protein kinase C activation on GP is unclear.
It has previously been shown that bombesin stimulates the formation of Ins(1,4,5)P3 in Swiss 3T3 fibroblasts, through the activation of a pertussis-toxin-insensitive G-protein (Heslop et al., 1986; Taylor et al., 1988) . We therefore decided to assess the kinetics of both bombesin-and guanine-nucleotide-stimulated inositol phosphate formation in electropermeabilized Swiss 3T3 cells so as to determine the way in which peptide receptors interact with Gp in this system. We have also used phorbol esters to determine the site of protein-kinase-C-mediated inhibitory feedback of bombesin-stimulated inositol phosphate formation. In this study we show that the kinetics of bombesin-and GTP[S]-stimulated InsP3 formation are consistent with the recently proposed model for receptor-GP-PLC interactions and that the site of PMA inhibition of bombesin-stimulated inositol phosphate generation is at the level of the receptor-G-protein interaction.
MATERIALS AND METHODS
Monolayers of Swiss 3T3 fibroblasts (passage 5-20) were grown in 75 cm2 flasks in Dulbecco's modified Eagle's medium (DMEM) (Gibco, Paisley, Scotland, U.K.), containing 100% (v/v) newborn-calf serum (Gibco), 27 mg of glutamine/ml, 250 mg of streptomycin/ml and 250 i.u. of penicillin/ml as previously described (Cook & Wakelam, 1989 phosphates were separated. After the labelling period, the cells were harvested mechanically with a cell scraper, incubated for a further 45 min in prelabelling medium, washed twice by centrifugation (800 g for 2 min) and resuspended in incubation buffer (20 mM-Hepes, pH 7.5, containing 120 mM-KCl, 6 mmMgCl2, 2 mM-KH2PO4, 2.5 mM-NaCl, 2.5 mM-HCl, 2 mmNa2ATP, 0.1 mM-EGTA and 1 mg of BSA/ml). The final cell suspension (6 x 106 cells) was then exposed to four discharges of a 3 ,uF capacitor with a field strength of 2 kV/cm spaced by 2 s intervals. Approx. 90-95 % of the fibroblasts were found to be permeable to ethidium bromide after this procedure.
For Wakelam et al. (1986) .
Mass measurements of bombesin-stimulated Ins(I,4,5)P3 formation were by the method of Palmer et al. (1989) , with modification of the methods employed above. Non-radiolabelled cells, treated as previously described, were permeabilized with six pulses at 2 kV/cm in order to ensure complete permeabilization of a higher density of cells [(20-30) Dose/response curves were fitted to a logistic equation as defined by Delean et al. (1980) . Materials were obtained from previously reported sources (Cook & Wakelam, 1989; Cook et al., 1990) . (Black & Wakelam, 1990; Brown et al., 1987) (Fig. 2) .
The kinetics of the interaction between bombesin and GTP [S] was examined after separation of the individual inositol phosphates (Fig. 3) . (Fig. 4a) . In contrast, there was no significant effect of PMA on GTP[S]-stimulated InsP accumulation over the concentration range tested (Fig. 4b) . The potentiation by GTP[S] of the bombesin response was also inhibited by PMA, this effect mirroring the loss in the bombesin response (Fig. 4c) . Preincubation with a maximal concentration of PMA (500 nM) was without effect on the GTP[S] dose/response curve (Fig. Sb) , but clearly decreased the magnitude of the bombesin response (Fig.  Sa) and the synergy between the two agents (Fig. Sc) . In HL60 and WRK cells PMA inhibition of the GTP[S]-or hormonestimulated inositol phosphate generation was shown to be timedependent (Geny et al., 1989; Monaco & Mufson, 1986 The effects of PMA on the kinetics of [3H]InsP3 formation are shown in Fig. 6 . In the presence of 1 sM-fl-phorbol, an inactive analogue of PMA, both bombesin-and GTPISJ-stimulated [3H]InsP3 generation was unaffected (Fig. 6a) . In cells pretreated with PMA (Fig. 6b) , bombesin-stimulated [3H]InsP3 formation was markedly decreased, from 300-400 % to 150% of basal values at 5-10 s. In addition, the agonist-induced enhancement of the onset of the GTP[S] effect was less pronounced. However, neither the lag time nor the magnitude of the [3HJInsP3 response to GTP [S] was affected in these cells.
DISCUSSION
The results in the present paper show that in permeabilized (Uhing et al., 1986; Claro et al., 1989) , and support previous proposals that a GTP-binding regulatory protein is involved in the coupling of bombesin receptors to PLC (Hasegawa-Sasaki et al., 1988) . This is further supported by the results in Table 1 (Fig. 3) . Furthermore, bombesin-stimulated formation of Ins(1,4,5)P3 at 10 s is enhanced by GTP [S] , in the absence of a nucleotide response alone (Table 1) . By analogy with previous studies examining the kinetics of hormone-dependent activation of adenylate cyclase (Ferguson et al., 1986; Casey & Gilman, 1988) , these observations suggest that the dissociation of bound GDP is the rate-limiting step in the activation of the G-protein and also that agonist receptor stimulation significantly enhances the exchange of GTP for GDP. A similar phenomenon has also been observed in turkey erythrocyte membranes (Harden et al., 1988; Boyer et al., 1989a) (Boyer et al., 1989a; Wojcikiewicz et al., 1990) , a marked shift to the left in the dose/response curve for agonist-stimulated inositol phosphate generation is observed in the presence of GTP [S] . In the present study, addition of GTP(S] did not significantly affect the EC60 value for bombesin-stimulated [3H]inositol phosphate accumulation, although the maximum response is greatly enhanced (Fig.  1) . A similar result has recently been obtained by Cattaneo & Vicentini (1989 (Zachary & Rozengurt, 1985) .
In intact Swiss 3T3 fibroblasts, phorbol esters inhibit bombesin-stimulated InsP. formation through protein-kinase-Cmediated negative feedback (also results not shown). We therefore sought to determine the site at which bombesin-receptor coupling to PLC was impaired. Several possible sites of action can be identified: (1) coupling of the bombesin receptor to the G-protein; (2) , 1985) . Although that possibility has not been examined in the present study, PMA has previously been shown to be without effect on the characteristics of 1251-bombesin binding to intact Swiss 3T3 fibroblasts . It is of course possible that phosphorylation of the receptor may not affect ligand-binding characteristics, but could still impair the coupling between the receptor and the G-protein. Alternatively, the G-protein itself may be phosphorylated by protein kinase C activation, as has been previously observed for G, in Cyc-S49 lymphoma cells (Katada et al., 1985) . Once again, the coupling of the receptor to the G-protein may be impaired without affecting the function of the G-protein itself.
The results shown in the present study contrast with the effect of phorbol esters on inositol phosphate responses in human neutrophils (Smith et al., 1987) , HL60 cells (Geny et al., 1989) and 1321N1 astrocytoma-cell membranes (Orellena et al., 1987) . In these systems, PMA inhibits GTP[S]-stimulated inositol phosphate formation, indicating that the coupling between the G-protein and PLC is impaired, rather than that between the receptor and G-protein. Furthermore, in HL60 cells Ca2+-stimulated inositol phosphate formation is also inhibited by PMA (Geny et al., 1989) , suggesting that phosphorylation of PLC may itself be a mechanism by which phorbol esters act. The difference in the sensitivity of 
